ABSTRACT: Little is known regarding the impact of liver transplantation on amino acid requirements in children. Since plasma levels of the branched-chain amino acids (BCAA) are decreased in the presence of normal levels of the aromatic amino acids after liver transplantation, normalization of hepatic function may not fully correct changes in BCAA metabolism that occur in the pretransplant period. The goal of the present study was to determine total BCAA requirements of children following liver transplantation. The requirement of total BCAA was determined using indicator amino acid oxidation (IAAO) in five clinically stable children (5.7 Ϯ 3.5 y, mean Ϯ SD) 1-8 y post liver transplantation. Children received in random order 6 graded intakes of total BCAA. Individual BCAA in the test diet were provided in the same proportions as present in egg protein to minimize the potential interactive effects of individual BCAA on assessment of requirement. Total BCAA requirement was determined by measuring the oxidation of L-[1-
T here is no previous information regarding BCAA requirements in children who have undergone OLT. We have shown previously that total BCAA requirements in children with MCC liver disease are higher than requirements in healthy school-aged children (1, 2) This increase in total BCAA requirement was observed in a population of children with a similar body composition, age, growth, and nutritional status as healthy school-aged children studied previously (2) . The only major difference was that the children with MCC liver disease had decreased plasma concentrations of the BCAA in the presence of increased requirements for the total BCAA, suggesting that changes in plasma BCAA levels may be reflective of differences in BCAA requirement in this population (1, 2) . In children, there is little information regarding the impact of OLT on BCAA metabolism. However there is evidence that plasma concentrations of the BCAA remain depressed after OLT, whereas aromatic amino acid concentrations are usually normal, suggesting that BCAA requirements may be increased post-OLT (3) (4) (5) .
There is limited information regarding the potential mechanism responsible for a change in plasma BCAA concentrations after OLT. Normal concentrations of the AAA in the posttransplant period suggest that hepatic metabolism of the AAA have normalized, whereas depressed levels of the BCAA point to the skeletal muscle as the site of aberrant metabolism. Reductions in plasma levels of leucine, endogenous leucine flux, leucine oxidation, and a defective suppression of leucine flux by insulin in adults suggest OLT may increase the requirement for leucine for protein synthesis (6) . Luzi et al. (7) showed that the rate of phenylalanine (Phe) appearance across the forearm was equally suppressed in healthy adults and those who had under gone OLT, under conditions of a euglycemic/insulin clamp. Conversely, wholebody leucine flux was not suppressed by insulin in adults after OLT, suggesting that the sites for aberrant BCAA metabolism are in insulin-sensitive tissues (liver or muscle). This may be partly due to insulin resistance and suppression of insulin secretion mediated by immunosuppressive therapy prescribed post-OLT (8 -11) . Tacrolimus suppresses insulin secretion from pancreatic islets cells by reducing glucokinase activity and ATP production, resulting in inhibition of glycolysis (11) . This appears to be independent of the ␣-ketoisocaproate (KIC)-induced insulin secretion pathway that is not affected by tacrolimus. The short-term consequences of insulin resistance include impaired glucose uptake in insulin-sensitive tissues and increased peripheral utilization of FFA and amino acids for oxidation and gluconeogenesis. All these changes are consistent with an increased need for the BCAA after OLT.
We prospectively studied total BCAA requirements in children who had undergone OLT to enable comparison of total BCAA requirements pre-and post-liver transplantation using the minimally invasive indicator amino acid (IAAO) model (12) . This method enables assessment of amino acid requirements using urine and breath sampling for measurement of isotope enrichment and is an appropriate method for use in children as it is noninvasive (12, 13) . We have used this technique to determine total BCAA requirements in adults and children previously (2, 14) . We hypothesized that total BCAA requirements in children following OLT would be significantly higher than in healthy children.
PATIENTS AND METHODS

Patients.
Five children between the ages of 3 and 11 y who had undergone OLT in the past 8 y were recruited. The clinical characteristics of participants are reported in Table 1 . Four had extrahepatic biliary atresia and one had hepatoblastoma as the primary diagnosis before liver transplantation. Subjects were well, with normal liver function at time of entry into the study (Table 2) . Subjects were selected on the basis of the following criteria: children were on immunosuppressive therapy [includes tacrolimus (four out of five) or cyclosporine (one out of five)] as per standard drug protocols without any significant changes in drug dosage over the 3 mo before participating in this study. Children with known diagnosis of acute or chronic rejection, steroid-resistant rejection in the past 3-6 mo, or who had been diagnosed with sepsis and/or lymphoproliferative disorders (PTLD) were excluded from the study.
Written consent and/or assent was obtained from study participants and their responsible caregivers. The purpose of these studies and their potential risks were explained before obtaining written consent/assent. All study procedures were approved by the Research Ethics Board at the Hospital for Sick Children (Toronto, Ontario). Study participants and their responsible caregivers were provided with financial compensation for costs incurred in participating in these studies.
Experimental design. The study design was based on the adapted, minimally invasive IAAO model (12, 13) . L- [1- 13 C] Phe was used as the indicator and a mixture of BCAA (based on the profile of the egg protein) was used as the test amino acid. Each subject received six dietary intakes of the total BCAA (75, 100, 125, 150, 200, and 225 mg/kg/d)) on six different test days. These were based on the levels of total BCAA studied previously in healthy children (2) . Participants were adapted to a dietary protein intake of 1.5 g protein/kg/d) for 2 d before each study day. This level was chosen because it exceeded the recommended protein requirement (13, 15) and was similar to the subjects' habitual protein intake. Menu plans provided by the investigator consisted of typical foods consumed by the child. The dietary study periods were separated by Ն1 wk; all subjects completed all study days within 2 mo.
Dietary protein and energy intakes. Energy needs of study participants were determined by measuring resting metabolic rate after a 12-h overnight fast, using open-circuit indirect calorimetry (2900 Computerized Energy Measurement System; Sensormedics, Yorba Linda, CA). The resting metabolic rate was multiplied by an activity factor of 1.7 to ensure age appropriate growth for study participants over the course of the study (Table 1) (2) . All the children maintained their typical patterns of activity over the course of the study period.
The study diet consisted of a flavored protein-free liquid formula (ProteinFree Powder, product 80056; Mead Johnson, Evansville, IN; Tang and Kool-Aid, Kraft Foods, Toronto, Ontario), crystalline L-amino study mixture, and protein-free cookies as described previously (1, 2, 12, 13) . Study day diets were provided in nine iso-nitrogenous, iso-caloric hourly meals that provided 75% of daily energy and protein needs (Fig. 1 ). BCAA were provided in the same proportion as in egg protein (38.5% leucine, 29% isoleucine, and 32.5% valine) to minimize potential interactive effects of the BCAA on determination of requirement (1,2,16 -18) .
Body composition. Anthropometric and body composition measures were conducted on each study day. Children were weighed to the nearest 0.1 kg after voiding on a balance scale (model 2020; Toledo Scale, Windsor, Canada). Standing height was measured to the nearest 0.1 cm with a wallmounted stadiometer. Multiple skinfold thickness (triceps, biceps, subscapular, and suprailiac) were measured to the nearest 1 mm with Harpenden caliper (British Indicators Ltd; St Albans, UK) to estimate fat mass (FM) and FFM, by subtraction from body weight (19 -23) . Bioelectrical impedance analysis was performed in the fasted state using a fixed-frequency analyzer (50 KHz) (BIA, model 101A; RJL Systems, Detroit, MI) using a four-terminal bioelectrical impedance analyzer (23) (24) (25) . Lean body mass (LBM) was calculated according to Houtkooper et al. (24) . Total body water (TBW) and extracellular water (ECW) were measured using isotope dilution methodology (20, 26) .
Tracer protocol. The stable isotope tracers were NaH 13 CO 3 (Cambridge Isotope Laboratories, Woburn, MA) and L-[1-
13 C] Phe (Mass Trace, Woburn, MA) with a 99% atom enrichment. Isotopic and optical purity of L-[1-
13 C] Phe were verified by the manufacturer using gas chromatography-mass spectrometry (GCMS) and nuclear magnetic resonance (2, 14) . Subjects consumed four meals at hourly intervals on each study day before ingesting the stable isotope tracers. At the fifth meal, subjects were given a priming oral dose of NaH 13 CO 2 (2.07 mol/kg) and L-[1-13 C] Phe [6.55 mol/kg as described previously (2)]. A constant oral dose of L- [1- 13 C] Phe (11.8 mol/kg) was given on an hourly basis with subsequent meals until the end of the study (2, 14) .
Pilot studies examining Phe kinetics did not show any significant differences in Phe kinetics between the healthy children studied previously and the children in the current study (2) . OLT did not result in any significant differences (p Ͼ 0.05) in whole-body estimates of Phe oxidation (p ϭ 0.930), Phe flux (p ϭ 0.620), NOPD (p ϭ 0.343), or B phe (p ϭ 0.549) between the healthy children studied previously (2) and the children who underwent OLT (Table 3) . 
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Sample collection and analysis. Breath and urine samples were collected to determine Phe kinetics as described previously (2, 13, 14) . Isotopic steady state was considered to be achieved when breath 13 CO 2 reached plateau (absence of a significant slope) with a CV of Ͻ5% (Fig. 2) . Plasma for analysis of BCAA and AAA analysis was collected as part of the routine clinical blood work ordered for the patients who participated in this study (Table 4 ). All subjects have routine measurement of liver biochemistry and coagulation as part of their clinical care; measurement was performed in HSC's Clinical Biochemistry Laboratory. Plasma BCAA and AAA concentrations were determined by reverse-phase HPLC (Dionex Summit HPLC system, Dionex, Sunnyvale CA; operated using HPLC pump model P580A LPG and UV/VIS Detector UVD 170S), as described previously (1,2) .
Phe kinetics. A stochastic model was used to calculate Phe kinetics with a constant oral administration of isotope to study amino acid oxidation (27) . Flux (mol/kg/h)) was calculated from isotope dilution of the infused tracer in the metabolic pool at steady state (urinary enrichment) using standard equations (27) (28) (29) . F 13 CO 2 was calculated and the rate of tracer oxidation (mol/kg/h)) calculated according to the model of Mathews et al. (30) . The rate of L-[1-
13 C] Phe oxidation (mol/kg/h) was calculated from urinary Phe enrichment and from F 13 CO 2 (27, 31) . Statistical analysis. A mixed model ANOVA using repeated measures was performed to assess the relationship of F 13 CO 2 , Phe flux, oxidation, NOPD, and B phe to the following variables: total BCAA intake, order of intake, subject, and interactions. Nonsignificant variables were removed from the model. Changes in body weight and body composition during the study period were also compared by repeated-measures ANOVA. The breakpoint in F 13 CO 2 (representing estimated average requirement, EAR) was determined using a two-phase linear regression mixed crossover model (28 -30,32) . This analysis includes a comparison of different models to ensure that the model chosen produced the highest regression coefficients and the lowest residual error (2,32,33 ). The upper 95% confidence limit [estimate of the recommended daily allowance (RDA)] was determined using Fieller's theorem (33) . The statistical difference between the EAR for total BCAA in healthy school-aged children studied previously and in children who had undergone OLT was assessed using the two-sample t procedure (2,33). These analyses were conducted using SAS statistical software (SAS, Version 8; SAS Institute Inc, Cary, NC). Results were considered significant at a p Ͻ 0.05. Data are expressed as mean Ϯ SD.
RESULTS
Body composition measures [weight, height, percentage ideal body weight (IBW), FFM and LBM]
were all within the normal ranges for age and did not change significantly over the study period (Table 1) (19 -23) . Measured FFM did not differ among the three methods used or between the healthy children and the children with MCC liver disease studied previously (1,2,34). Mean resting metabolic rate (RMR) and fasting RQ were 4481 Ϯ 1376 (KJ/d) and 0.80 Ϯ 0.07, respectively. All children had normal liver biochemistry (as assessed by ALT, conjugated bilirubin, and GGT) and did not have a recent history of graft rejection (Table 2 ). Plasma levels of urea (4.4 Ϯ 1.4 mM), creatinine (44 Ϯ 18 M), Phe, and tyrosine were within normal reference ranges. Plasma levels of isoleucine, valine, and leucine were at the lower levels of the normal reference ranges (Table 4) . F 13 CO 2 production was related to total BCAA intake (p Ͻ 0.0001) but was not significantly affected by individual study subjects (p ϭ 0.0935). The rate of the release of the 13 CO 2 varied between the subjects, although the pattern of response to varying intakes of the total BCAA was consistent. Phe oxidation was related to total BCAA intake (p ϭ 0.0344) and individual study subject (p ϭ 0.0021). Phe flux (p ϭ 0.5617), NOPD (p ϭ 0.3336), and B phe (p ϭ 0.3539) were not affected by total BCAA intake or order of test but were different between study subjects (p Ͻ 0.02) ( Table 3 ). There was no significant effect of order of total BCAA intake on any of the outcomes measured.
Breakpoint analysis using a two-phase, mixed-model, linear crossover model indicated an EAR for total BCAA of 172 mg/kg/d and an RDA (upper 95% confidence limit of 206 mg/kg/d) in children who have undergone OLT (p Ͻ 0.001) (Fig. 3) . The two regression lines represent the partitioning of the data that provided the best fit of the data (r 2 ϭ 0.58, SE of the breakpoint ϭ 18.4). The EAR of the total BCAA requirement for the children after OLT was significantly higher that the mean requirement for total BCAA established previously 
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in healthy school-aged children (147 mg/kg/d) but lower than requirements in children with MCC liver disease (p Ͻ 0.05) (Fig. 4) (1,2) .
DISCUSSION
This is the first study to measure directly total BCAA requirements in children who have undergone OLT. We have previously determined the EAR of the total BCAA, using the IAAO, in healthy school-aged and in children with MCC liver disease (1,2) . The results of these previous studies demonstrated that the EAR for total BCAA in children with MCC liver disease was higher that the EAR in healthy school-aged children (1,2) . The results of the current study indicate that OLT lowers total BCAA requirements compared with children with MCC liver disease (1). However, requirements continue to be higher than those of healthy children (2) . The demographic and anthropometric characteristics of the children in the current study did not differ significantly from the healthy school-aged children or in the children with MCC liver disease (1,2). The only major difference was that children in the current study had a higher percentage of body fat, suggesting that changes in total BCAA requirements were not related to differences in nutritional status or body composition but rather to other factors. With the exception of one child, all children had the same liver disease before OLT. Although the nature of the chronic liver disease leading to OLT differed in this child, no differences in organ graft function or level and type of immunosuppressive therapy were present between this child and the other children, suggesting that assessment of BCAA requirement post-OLT was not directly impacted by the preexisting liver disease pathology.
Plasma amino acid profiles included mildly depressed levels of leucine and valine in the presence of normal levels of isoleucine, Phe, and tyrosine. These changes are consistent with the premise that diversion of the carbon skeletons of valine for gluconeogenesis and leucine for energy metabolism may occur at higher rates than in healthy children, thus leading to an increased requirement for the BCAA (1). The possible variables responsible for increased rates of gluconeogenesis in OLT include the impact of immunosuppressive therapy (cyclosporine and tacrolimus) on the metabolic environment of the child and functioning of the liver graft. Both cyclosporine and tacrolimus have been shown to contribute to an insulinand GH-resistant environment by inhibiting insulin biosynthesis and IGF-I-mediated function in the periphery (8, 35) . Tacrolimus and cyclosporine have also been associated with significant reductions in total and nonoxidative glucose disposal in adults who have undergone OLT (35) . This is likely due to inhibition of glucokinase and ATP production within the pancreatic islet cells by tacrolimus, resulting in decreased insulin secretion (11) . The extent to which these mechanisms contributed to the change in total BCAA requirement observed in this study remains unclear (35) . Although fasting plasma glucose levels and levels of cyclosporine and tacrolimus were within therapeutic range, it is possible that the children participating in this study may have been mildly insulin resistant. The mean fasting RQ of 0.80 measured in the postabsorptive state provides good evidence that the children participating in this study were more heavily reliant on fat and protein for energy metabolism than were the healthy children (mean RQ of 0.87) (2) . It is unlikely that altered hepatic function of the graft liver was responsible for this change in requirement because all study participants had normal liver function at the time of study and no recent episodes of acute or chronic rejection requiring changes in type or dosing of immunosuppressive therapy. As we did not measure markers of insulin resistance in this study, it is not possible to determine the extent to which immunosuppressive therapy or other factors such as inflammation may have contributed to an insulin-resistant environment post-OLT.
The amount of dietary protein (1.5 g/kg/d) provided in this study reflects the usual intake of protein in this population (1.4 -1.7 g/kg/d). At this level of protein intake, children who have undergone OLT will achieve a BCAA intake (approxi- (36) and dietary intake is decreased (Ͻ1 g/kg/d), this population may need for therapeutic supplementation of the total BCAA. In summary, this study demonstrates that total BCAA requirements in children who have undergone OLT within the past 8 y are significantly lower than requirements in children with MCC liver disease, although requirements remain higher than those of healthy school-aged children (1,2) . The underlying mechanisms responsible for this increase in requirement are unclear. The hormonal environment caused by immunosuppressive therapy, rather than fundamental changes in the organ graft, maybe responsible for this increase in requirement. Further studies examining the impact of hormonal environment in OLT on BCAA metabolism are warranted. 
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